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Abstract. The LiMn2O4 (LMO) powder is decorated with ZrO2 (denoted as Zr@LMO) particles by using sonicationassisted sol–gel method. Different sonication powers (10, 30 and 50%) are used to disperse ZrO2 and the effects of ZrO2
distribution at LiMn2O4’s electrochemical performance are analysed. Scanning electron microscopy and energy dispersive
spectroscopy analyses have been made on laminated samples. For the structural analyses of particles, X-ray diffractometer
is used. Electrochemical performances of electrodes are tested with galvanostatic measurements, cyclic voltammograms
and electrochemical impedance spectroscopy. The ZrO2 distribution ratio on the particle surfaces is improved by 10%
with the increase of sonication power from 10 to 50%. Therefore, at 50% sonication power, lower charge transfer
resistance and side reactions (Mn dissolution) are accomplished, which leads to 41 and 9% specific capacity increase
compared to pure and the lowest sonication power, respectively. After 100 cycles at 0.1C, 93.2 mAh g–1 specific discharge
capacity and 73.4% capacity retention are attained for ZrO2-decorated LMO at 50% sonication power. Furthermore, at 2C
rate, the specific discharge capacity of the decorated sample at 50% sonication power is 59% higher than the pure LMO.
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Introduction

Each day, consumer requirements are pushing the limits of
advanced energy storage devices. The main requirements
are high energy density, long-lasting, easy maintainability,
environmentally benign, short charge time, and safety [1].
Therefore, great efforts have made to commercialize new
active materials and to improve the cyclic performance of
existing active materials [2–7].
LiMn2O4 is one of the most promising candidates among
other metal oxides due to its high working voltage (*4.0 V
vs. Li/Li?), low toxicity and low cost. Having a threedimensional spinel structure also improves the rate capability
of electrodes due to the high Li-ion diffusion rate. However,
spinel structures limit the cycle life of LiMnxOy-based
electrodes [8]. One of the main drawbacks of LiMn2O4 is
the dissolution of Mn due to the possible reactions of
lithium hexafluorophosphate (LiPF6) with a water residue
inside the cell, leading to the formation of HF. Therefore,
subduing Mn dissolution from the LiMn2O4 is a crucial
factor to reduce capacity fading [9].
Several methods have been developed to reduce the Mn
dissolution. One of them is cationic doping in order to
increase the stability of the LiMn2O4 crystal structure by
replacing Mn with cations such as Ti4? or Al3? [10].

However, the downside of this approach is that these dopant
ions are electrochemically inactive and lead to a specific
capacity loss for active materials. In order to improve both
capacity and cycling performance, Co2? or Ni2? can be
used as dopant ions but the chemical activity of LiMn2O4
increases with such dopants, especially Ni?4 and this leads
to safety problems in LiMn2O4 cells [11]. Another approach
is using conductive carbon as a coating material. Although
electrochemical performance is improved with a carbon
coating, it has strong reducibility on Mn-ion; thus, it is hard
to apply it to LiMn2O4 [12].
Surface modification [13,14] is an important technique to
enhance the cyclic performances of cathode active materials, as the cathode electrolyte interface is far thinner than
the solid electrolyte interface (SEI) of anodes. Thus, there
should be an extra passivation film at the surface of cathodes in order to prevent the irreversible side reactions that
cause the loss of active material [15]. Different types of
oxides, fluorides and polymers are used to protect the
cathode surface from highly reactive HF [16–21].
ZrO2 has excellent corrosive resistance against reactive
compounds due to its high chemical stability [22–24]. Thus,
ZrO2 has been examined as a surface modifier to reduce
interaction with undesired compounds that occurred in
electrolytes and improve the cyclability of cathode active
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Possible chemical reactions of LiMn2O4 synthesis via sol–gel method.

materials, such as LiNi0.6Co0.2Mn0.2O2 [25], Li[Li0.2
Mn0.54Ni0.13Co0.13]O2 [26] LiNi1/3Mn1/3Co1/3O2 [27],
LiCoO2 [28] and Li3V2(PO4)3 [22]. In these studies, the
ZrO2 decoration has been done by stirring or sonication
processes but there is no detail on the effects of the process
parameters. Therefore, a hypothesis was built on this study
to investigate the distribution of ZrO2 particles over the
LiMn2O4 surface by using different sonication powers.
Various sonication powers have been tried during the
gelation of ZrO2 over LiMn2O4 and their electrochemical
performance has been examined.

2.
2.1

Experimental
Materials synthesis

2.1a Synthesis of LiMn2O4: LiMn2O4 powder is synthesized by a sol–gel route. Li acetate dihydrate
(CH3COOLi2H2O),
Mn
acetate
tetrahydrate
((CH3COO)2Mn4H2O) and citric acid are dissolved in
distilled water with the Mn:Li:citric acid (2:1:3) stoichiometry. The solution pH is set to 9 by adding ammonia.
The obtained gel is dried at 100°C for 24 h and then a twostep heat treatment is applied. First, to remove organic
compounds, the attained gel is exposed to 500°C for 5 h.
Then, the powders are subjected to 750°C for 10 h for
crystallization. The possible chemical reactions are shown
in figure 1.
2.1b Preparation of ZrO2-decorated LiMn2O4 electrode: The surface decoration is performed by adding
LiMn2O4 powders into a zirconia sol, as shown in figure 2.
The preparation of ZrO2 sol is started by diluting 70 wt%
zirconium n-propoxide to 30 wt%. The solution pH is

Figure 2. Synthesis procedure of ZrO2-modified LiMn2O4
nanoparticles by sol–gel route.

adjusted to 9 by ammonia. Glucose and fructose are used as
chelating agents and the prepared mixture is mixed with
zirconium solution (1:4 mass ratio), and LiMn2O4 powders
are added to the obtained sol. The gelation process is carried
out at room temperature and during gelation process,
ultrasonic stirrer is used with three different sonication
power (table 1) for dispersion of LiMn2O4 particles inside
the ZrO2 sol. After the polymerization of ZrO2 sol, the
resulting gel is heated to 500°C for 5 h. The slurry of the
attained powder is made by 10 wt% polyvinylidene fluoride
(PVdF), 10 wt% carbon black, 80 wt% active material and
then laminated on a 12 lm aluminium foil.

2.2

Materials characterization

Morphological characterizations are analysed by a scanning
electron microscope (SEM) (JEOL-JSM-5410LV). To
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ZrO2 decoration parameters of LiMn2O4.

Sample code
Pure LMO
10%S-Zr@LMO
30%S-Zr@LMO
50%S-Zr@LMO

Coating

ZrO2 weight ratio (%)

Sonication power (%, Hz)

Sonication time (min)

—
ZrO2
ZrO2
ZrO2

—
5
5
5

—
10 (2 kHz)
30 (6 kHz)
50 (10 kHz)

—
60
60
60

observe the ZrO2 distribution on LiMn2O4 surfaces, energy
dispersive spectroscopy mapping (EDS) is carried out and
the decoration ratio of ZrO2 is calculated by J-Image
program.
The structures of LiMn2O4 and ZrO2 powders are analysed by Rigaku Miniflex XRD instrument. XRD analyses
are performed at 2h = 10°–80° with 2° min–1 scanning
speed and Cu Ka radiation is used (k = 1.54056 Å).
Surface areas of powders are measured with BET isotherm method in Micrometrics ASAP 2420. Samples are
degassed at 200°C under 0.3–0.38 Pa for 3 h. After that, N2
sorption is applied at 8 9 104 Pa.

2.3

Electrochemical measurements

To perform electrochemical tests, CR2032 half-cells are
assembled and 1 M lithium hexafluorophosphate (BASF) in
dimethyl carbonate:ethylene carbonate (7:3) by weight is
selected as an electrolyte; a polypropylene film is used as a
separator (Celgard).
Galvanostatic tests are carried out at room temperature
(BST8-WA battery analyzer). C-rate tests are performed
between 0.1 and 10C. Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) analyses are
performed at GAMRY Interface 1000E potentiostat. The
EIS analyses are procured at 100 kHz to 1 MHz. The CV
tests are measured between 3.0 and 4.5 V at a scan rate of
0.1 mV s–1.

3.

Results and discussion

The diffraction peaks of the LMO sample shown in figure 3
are in good agreement with PDF-No. 00-018-0736 and
they correspond to the cubic spinel structure (space group
Fd-3m). The spinel structure of LiMn2O4 contains 32
octahedral sites. Half of these sites are occupied by manganese ions and they can be found at Mn4? and Mn3? form.
Therefore, each ion occupies 8 octahedral sites. While
Mn4? has a 0.54 Å ionic radius, the ionic radius of Mn3?
can change according to their spin state. For Mn3? the ionic
radius of low spin (LS) state is 0.58 Å, while the ionic
radius of high spin (HS) state is 0.65 Å. Therefore, the
difference between the ionic radius of Mn4? and Mn3? (LS)

Figure 3.

XRD pattern of synthesized LiMn2O4 powder.

is only 0.04 Å; however, the difference between Mn4? and
Mn3? (HS) is 0.11. Thus, an increase in the amount of HS
Mn3? leads higher lattice parameter (a) in LMO [29].
The lattice parameter of PDF-No. 00-018-0736 and
synthesized LMO is calculated as 8.242 Å ± 0.00207 and
8.2149 Å ± 0.00102, respectively. The reason for attaining
lower a value is ascribed to a higher LS Mn3? ratio. Chung
et al [29] have asserted that temperature and time in heat
treatment changes the valence state of Mn ions. They
indicate that elevated calcination temperature causes
valence transition from Mn4? to Mn3? (HS). In this study, it
is observed that low calcination temperature (750°C) led to
a higher Mn3? (LS) ratio resulting in a lower lattice
parameter.
Monoclinic and tetragonal crystal structures are determined in the XRD results (figure 4) of ZrO2 powders. It is
worth to note that at low temperatures, monoclinic-structured ZrO2 is transformed into a semi-stable tetragonal
phase due to the loss of OH- ions in the amorphous
Zr(OH)4 gel above 400°C.
The scanning electron microscopy (SEM) analyses of
pristine and ZrO2-decorated LMO (figure 5) demonstrate
that particle size varies between 500 and 1000 nm. In figure 5a, particles have sharp edges and smooth surfaces.
However, after sonication treatment for 60 min, all coated
particles had soft edges with rough surfaces. Moreover, as
seen in figure 5b–d, particle size has reduced after
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Figure 4.

XRD pattern of synthesized ZrO2 powder.

sonication treatment for all coated samples compared to the
pure one. It is asserted that the LMO surfaces covered with
ZrO2 nano-sized particles resulting in rough surfaces, which
are demonstrated with EDS mapping, as experienced by
Wang et al [26]. Added to this, ultrasonic waves have made

Figure 5.
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an effect on the particle size and shape. SEM images show
that ultrasonication is particularly effective in reducing the
particle size. Similar results have been reported for different
metal oxides (LiNi0.6Co0.2Mn0.2O2, LiCoO2, LiFePO4)
[30–32].
Specific surface area (SSA) results of pure and ZrO2decorated LMOs also support our assumptions about particle size reduction due to the sonication (table 2). The
highest surface area is achieved at 50% sonication power
with 7.47 m2 g–1 and it is nearly 30% higher than pure
LMO. As ultra-fine particles have high surface energy, they
can quickly agglomerate by the strong adhesive force
among them and that leads to relatively larger bodies with
weak joining interfaces. Therefore, this difference among
SSAs indicates that ascending sonication power can lead to
a deagglomeration of those primary particles by damaging
Van der Waals and Coulomb forces [33].
The EDS mapping results of the laminated electrodes for
all sonication powers are given in figure 6. Mn atoms of
LMO and Zr atoms of ZrO2 are spotted in the same region,
indicating that ZrO2 decorated uniformly on the surface of
LMO. With this decoration, direct contact between the
cathode active material and the electrolyte reduced, which

SEM images of (a) pure LMO, (b) 10%S-Zr@LMO, (c) 30%S-Zr@LMO and (d) 50%S-Zr@LMO.
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will decrease the decomposition of electrolyte at elevated
voltages during cycling and result in improved cyclic performance. In order to compare the decoration (distribution)

Table 2. Specific surface area of pure and ZrO2-decorated
LiMn2O4 samples.
Sample code
Pure
10%S-Zr@LMO
30%S-Zr@LMO
50%S-Zr@LMO

Surface area (m2 g–1)
5.78
6.26
6.63
7.47

109

ratio of different sonication powers, J-image program is
used to analyse samples that are decorated with ZrO2. SEM
images with 10k magnification from each sample are chosen for this method. As seen in table 3, Zr ratio is slightly
increased with the ascending sonication power and 20.38%
is obtained at 50%S-Zr@LMO.
The first discharge capacity of pristine, 10%S-Zr@LMO,
30%S-Zr@LMO and 50%S-Zr@LMO electrodes at 0.1C
are 124.2, 125.9, 126.1, 127.1 mAh g–1 and their capacity
retentions at 100th cycle are 53.2, 67.9, 70.6 and
73.4 mAh g–1, respectively (figure 7). Although pure LMO
shows a good first discharge capacity, it suffers fast fading.
The reason for this capacity fade, which is also one of the
main drawbacks for spinel LiMn2O4, is the dissolution of

Figure 6. EDS mapping of (a) 10%S-Zr@LMO, (b) 30%S-Zr@LMO and (c) 50%S-Zr@LMO.
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Table 3. Distribution ratio of Zr ions over LiMn2O4 particles via
J-image program.
Sample code

ZrO2 distribution ratio (%)

10%S-Zr@LMO
30%S-Zr@LMO
50%S-Zr@LMO

18.6
19.24
20.38

Figure 7. Cycling performance of pure LMO, 10%S-Zr@LMO,
30%S-Zr@LMO and 50%S-Zr@LMO at 0.1C in the voltage range
of 3.0–4.5 V at room temperature (20°C).

Mn2? ions in the presence of HF that occurred from LiPF6based electrolyte. This leads to rapid capacity loss during
cycling. The reactions for Mn dissolution are given in
equations (1–3) [34,35].
LiPF6 ! PF5 þ LiF

ð1Þ

PF5 þ H2 O ! PF3 O þ 2HF

ð2Þ

2LiMn2 O4 þ 4Hþ ! 3MnO2 þ Mn2þ þ 2Liþ þ 2H2 O
ð3Þ
As has been pointed out in table 4, the discharge capacity
of all ZrO2-modified electrodes demonstrated better
capacity retention than the pristine sample. This clearly
shows that the abovementioned reactions are suppressed
and better cycling stability is attained with surface

Table 4.
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decoration, which will be further supported by the following
CV results.
As for ZrO2-modified LMOs with different sonication
powers, though the first discharge capacities are similar,
their capacity retentions at the 100th cycle slightly increase
with the ascending sonication power. Among all decorations, 5 wt% ZrO2-decorated electrode with 50% sonication
power (10 kHz) shows the highest cycling retention. It is
also important to mention that the sonication-assisted
method provides slightly better performance than the
magnetic stirring assisted method. Lim and Cho [36] synthesized PVP-assisted ZrO2-coated LiMn2O4 by using
magnetic stirring during the coating procedure. Attained
discharge capacity is 2–3% lower than 50%S-Zr@LMO at
the 50th cycle. On the other hand, the cyclic performance of
ball milling assisted coating methods showed much better
cycling performance than sonicated routes. Li et al [37]
synthesized ZrO2-coated LiMn2O4 via sintering process.
In order to obtain a homogenous coating, ball milling is
used to spread ZrO2 over LiMn2O4 particles. Specific
discharge capacity obtained at the end of 100 cycles from Li
et al’s sample is 6% higher than our 50%S-Zr@LMO,
which indicates better ZrO2 distribution attained via ball
milling.
In figure 8, the CV profile of the pure LMO is compared
with ZrO2-modified LMOs in the first 4 cycles. Three
noticeable features can be seen in the CV plots. First, all
decorated LMOs show smaller reduction/oxidation potential
intervals than pure LMO that indicates a decrease in
polarization after ZrO2 modification. Second, all reduction
and oxidation peaks in the ZrO2-decorated samples are
sharper than pure LMO, implying a fast electrode reaction
after ZrO2 decoration. The previous two statements
demonstrate that ZrO2 surface modification can enhance the
kinetic properties of LiMn2O4. In pure LMO, two pairs of
separated and well-defined redox peaks can be clearly
observed, indicating that lithium ion intercalation/de-intercalation into/from LiMn2O4 [38,39]. This indicates that
LMO undergoes two phases of reversible reduction and
oxidation processes, which are LiMn2O4/Li0.5Mn2O4 and
Li0.5Mn2O4/k-MnO2 [40].
LiMn2 O4 $ Li1x Mn2 O4 þ x0:5Liþ
þ x0:5e ðx\ 0:5Þ

Electrochemical performance of pure and ZrO2-decorated LiMn2O4 samples.

Sample code
Pure
10%S-Zr@LMO
30%S-Zr@LMO
50%S-Zr@LMO

Initial discharge capacity (mAh g–1) at 0.1C

Capacity after 100 cycle (mAh g–1) at 0.1C

Retention (%)

124.24
125.95
126.17
127.05

66.13
85.61
89.15
93.26

53.2
67.9
70.6
73.4
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Figure 8. Cyclic voltammograms of (a) pristine, (b) 10%S-Zr@LMO, (c) 30%S-Zr@LMO and (d) 50%S-Zr@LMO in
the voltage range of 3.0–4.5 V at room temperature.

Li1x Mn2 O4 $ 2MnO2 þ ð1  xÞLiþ
þ ð1  xÞ5e ðx [ 0:5Þ
Lithium ions are extracted and inserted from/into half of
the 8a tetrahedral at 4.13/3.09 V (vs. Li/Li?), where lithium
ions have the nearest-neighbour Li–Li interactions. The
remaining lithium ions are extracted and inserted from/into
other 8a tetrahedral sites at 4.23/4.04 V (vs. Li/Li?), where
Li–Li interactions do not take place [38]. Lastly, in decorated samples, three different peaks are obtained instead of
two during the discharge process, where lithium intercalated
into Li0.5Mn2O4. In the pristine sample, anodic peaks are at
3.89 and 4.04 V (vs. Li/Li?), but in the decorated samples,
these peaks are shifted to 3.96 and 4.09 V (vs. Li/Li?) due
to the polarization. Moreover, the peak at 3.89 V can still
be seen in all decorated samples. This indicates that a
homogenous film formation could not be achieved and still
uncoated regions remained after the decoration process.
EDS mapping results and the Zr decoration ratios obtained
from J-image calculations also support that there are still
undecorated regions. Therefore, the insertion of lithium ions
into Li0.5Mn2O4 during the charging process might occur in
two phases, where lithium ions are inserted from coated

regions and uncoated regions with different voltages. In
addition to that, despite the peak at 3.89 V is slightly
stronger than the peak at 4.04 V, this situation is changed to
the opposite in all ZrO2-decorated samples and the peak at
3.89 V became less prominent. Because of the intercalation
of lithium ions into Li0.5Mn2O4 during the charging process
proceeded in two phases, one strong peak that should be at
3.96 divided into two (3.89 and 3.96 V vs. Li/Li?). However, with ascending sonication power, the peak at 3.89 V
started to fade due to the increase in decorated regions
(figure 8b–d).
To understand the diversity in capacity retention
between the pure and decorated cathodes, EIS analyses are
carried out after first, third and twentieth cycles at 3.0 V
over a frequency range from 1 MHz to 100 kHz. Nyquist
plots of the samples are given in figure 9a–e. The shift of
impedance at Z0 axis signifies the solution resistance (Rs).
The semicircle at high frequency region is attributed to
resistance of the surface, including SEI and ZrO2 decoration (Rsf) [41]. The slope in low frequency regions is
related to charge transfer resistance (Rct) and the solidstate diffusion of lithium-ion in the active material [42]. In
figure 9f, the equivalent circuit that fits with all the plots is
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Figure 9. (a) Nyquist plots of pure and ZrO2-decorated LiMn2O4 electrodes after 1st cycle at 3.0 V. Nyquist plots of
(b) pure, (c) 10%S-Zr@LMO, (d) 30%S-Zr@LMO and (e) 50%S-Zr@LMO cells at 3.0 V with number of cycles; first, third
and twentieth cycle and (f) their corresponding equivalent circuit.

demonstrated and the parameters determined from related
equivalent circuit are given in table 5. The first cycle
results showed that ZrO2-decorated LMO samples have
considerably smaller surface resistance (Rsf) than the pure
LMO and the charge transfer resistance (Rct) decreased
with ascending sonication power by obtaining more

uniform ZrO2 decoration. However, in different studies
slightly larger Rsf is attained if the coating material ratio
is 5 wt% or higher due to the low conductivity of ZrO2
[43,44]. In our situation, polarization caused by ZrO2
decoration is surpassed as the LMO particles exposed
ultrasonic waves during the decoration process, which

Bull. Mater. Sci.
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Rs, Rsf and Rct calculation of the samples at 1st, 3rd and 20th cycle on an equivalent circuit of the cell.
1st Cycle (X cm2)

Sample code
Pure
10%S-Zr@LMO
30%S-Zr@LMO
50%S-Zr@LMO

3rd Cycle (X cm2)

20th Cycle (X cm2)

Rs

Rsf

Rct

Rs

Rsf

Rct

Rs

Rsf

Rct

3.34
2.98
2.95
3.43

253.8
90.6
88.98
75.56

152.2
93.98
83
76.98

3.68
3.33
3.29
3.77

591.1
100.42
96.12
83.91

343.62
108.65
89.48
83.88

6.18
5.62
5.33
5.19

1147.68
147.9
144.2
120.36

1498.71
156.31
133.88
114.54

leads to higher SSA for the decorated samples as shown in
BET results. Thus, higher lithium migration through particle surface and lower Rsf value are obtained due to the
increase of the contact area between electrolyte and
cathode active material.
As listed in table 5, after 20 cycles ZrO2-decorated
samples demonstrated small changes in the Rsf, while
pure LMO showed a significant rise in Rsf (see figure 9b). These results indicate that ZrO2 decoration could
reduce the contact between the electrolyte and electrode
and alleviating the growth of undesired SEI film, which
leads to a more stable interface during cycling. Furthermore, it can be found that the Rct of the pure LMO after
20 cycles is much higher than that of all the decorated
samples, resulting in a higher diffusion of lithium ions in
electrode. The attained results indicate that the ZrO2
decoration can considerably facilitate the kinetics of Li
diffusion during the cycling process.
The effects of the above-mentioned impedance results
can be seen directly in the C-rate tests (figure 10). The
data reveal that all decorated samples deliver better discharge capacities compared to pure LMO at high C rates,
demonstrating that ZrO2 decoration successfully enhances
the rate performance of LMO. And, among the all decorated electrodes 50%S-Zr@LMO shows slightly better
rate performance. Moreover, the discharge capacity totally
restored after the C-rate is set to 0.2C, indicating that
ZrO2-modified LMO electrode has improved structural
stability and electrochemical reversibility than pure LMO.
50%S-Zr@LMO sample also demonstrates *7% higher
specific discharge capacity at 2C rate when compared
with study of Walz et al’s [45] magnetic stirring assisted
ZrO2-coated LiMn2O4. Even though they used a similar
sol–gel route like in our study, magnetic stirring might
not able to distribute zirconium n-propoxide over
LiMn2O4 at a viscous environment as effectively as
sonication.
In general, the reasons behind the capacity fading at
spinel cathode are the corrosion reaction between the
electrolyte and the cathode surface, and large lattice
strain during charge–discharge process [46–48]. An
atomistic simulation method has been accomplished by
Benedek and Thackeray [49] for spinel LiMn2O4,
which demonstrated that the {111} crystal faces contain

Figure 10. C-rate performance of pure LMO, 10%S-Zr@LMO,
30%S-Zr@LMO and 50%S-Zr@LMO in the voltage range of
3.0–4.5 V at room temperature (20°C).

the highest surface energy and suffer the most extensive rearrangements with electrolyte. If the Mn ions on
the surface of (111) are mainly trivalent, it might
hasten the surface corrosion due to the Jahn–Teller (J–
T) distortion by Mn3?. Therefore, cracks might occur
at the edge of particles in spinel cathodes with proceeded cycles as experienced by Chen et al, but this
effect might be minimized if higher Mn3? (LS) is
attained. The main reason for J–T distortion is having
an odd number of electrons at eg level in octahedral
complexes. The distortion also happens if there is a
degeneracy due to the electrons in the t2g orbitals, but
in the present structure higher Mn3? (LS) is obtained
due to low temperature heat treatment. As d orbital of
Mn3? ion has four electrons, the low spin state of d4
complexes shows weaker J–T distortion compared to
their high spin state [50,51]. SEM analyses after 100
cycles demonstrated that electrode morphology is well
maintained and there are no cracks observed on the
edge of LMO particles, which might indicate a weaker
J–T distortion regarding the abovementioned issues
(figure 11a–d).
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Figure 11. SEM images of (a) pure LMO, (b) 10%S-Zr@LMO, (c) 30%S-Zr@LMO and (d) 50%S-Zr@LMO after
100 cycles.

4.

Conclusion

First, LMO powders are synthesized by sol–gel route.
Then, ZrO2 decoration on the powders with different
sonication output powers is successfully applied via
ultra-sonication-assisted sol–gel method. The ZrO2
distribution on the LMO powders examined with
J-image program using EDS mapping images. Uniform
ZrO2 distribution is attained with ascending sonication
power. Electrochemical results indicated that the initial
discharge capacity of the pure LMO electrode is 124.2
mAh g–1 and only 66.1 mAh g–1 could be retained
(53.2% capacity retention) after 100 cycles. Comparatively, all the ZrO2-decorated samples have shown
better capacity retentions and rate performances. 50%SZr@LMO cathode (ZrO2-decorated LMO with 50%
sonication output power) demonstrates the best cycling
performance compared with other sonication power
levels at room temperature by 73.4% capacity retention
and 93.2 mAh g–1 at 100 cycles.
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